Background: Orthopaedic training programs are incorporating arthroscopic simulations into
| INTRODUCTION
Surgical interventions of the shoulder are increasingly performed using arthroscopy, with the shoulder joint second only to the knee in the number of arthroscopic procedures performed annually. As a result, arthroscopic surgery is now a standard component of orthopaedic residency training programs. 3, 4 However, it presents specific challenges when compared with traditional open surgery, as surgeons are operating in an environment with different demands on their hand-eye coordination due to limited tactile feedback. 5 Inexperienced residents are at a risk of committing errors while learning, with the potential to inflict irreparable damage to a patient's joint. Ideally, residents would be trained to a level of basic competence to ensure patient safety before entering the operating room (OR). This can be achieved using a simulated surgical environment that would allow for the teaching and practice of basic skills, resulting in lower risks to patients and with the added benefit of saving valuable OR time. 3 There are two main categories of synthetic joint simulators: physical and virtual reality (VR). VR trainers have the advantage of providing performance metrics and feedback to the trainee, while this type of information has historically been lacking in physical simulators. The main drawbacks of VR simulators are high costs and difficulty in achieving realistic haptic feedback. 6 Physical simulators have an advantage because of their realistic 'feel', as the trainee can use real surgical tools to manipulate physical objects, which provides them with realistic tactile feedback. Physical simulators are typically less expensive than VR simulators, making them more affordable. The main criticism of physical simulators lies in their inability to provide meaningful, objective feedback to the replaceable parts. Some of these models can be used in both wet and dry conditions; however, they have yet to add sensors to these models to provide feedback. Other anatomical bench top models of the knee and shoulder that provide realistic anatomy but lack any sensing ability are available from Adam, Rouilly, CLA, and Beijing Yimo. [14] [15] [16] While significant advances have been made on the development of physical simulators, a sensorized shoulder simulator that is able to provide objective feedback is still lacking. The physical shoulder simulator proposed herein combines the desired sensory feedback available in physical simulators with quantifiable performance metrics that can provide valuable feedback to the trainees. This paper presents the development of a physical shoulder simulator constructed with realistic anatomy and a flexible joint, in order to provide a realistic feel to the trainees. The simulator also allows for performance metrics to be provided to the trainees. The simulator was evaluated by collecting data from novice and expert users. Metrics were calculated to evaluate the simulator's ability to improve performance.
| SIMULATOR DESIGN
The final completed simulator is shown in Figure 1 . Details of the various components and characteristics of the simulator are presented in the following sections.
| Anatomy
The selection of anatomical components to be included in the simulator was determined through consultation with an expert arthroscopist orthopaedic surgeon, with the goal of providing a realistic environment for a diagnostic shoulder arthroscopic procedure. The selected bones were as follows ( Figure 2 ): humerus, glenoid, scapula, acromion, and coracoid process. The scapula and diaphysis of the humerus are not visualized during basic arthroscopy tasks but are included in the simulator for structural reasons. The distal clavicle is normally seen through the arthroscope, and would contribute to the realism of the simulator, but was excluded from the design because it would breach the waterproof compartment around the shoulder joint. The bones were procured from Sawbones®.
Certain soft tissues were identified for inclusion in the simulator.
In particular, the labrum, long head of biceps tendon, capsule and rotator cuff tendons were identified as required components ( Figure 3 ).
Parts were constructed from silicone rubber (Ecoflex 00-30, SmoothOn, Inc., Macungie, PA, USA) which was reinforced with nylon fabric for durability against tears.
| Sensing system
Measurement of trainee performance was considered to be an important requirement for the simulator. The simulator design incorporated a force/torque (F/T) sensor (9105-TIF-GAMMA-IP68, ATI Industrial To provide feedback to the trainee, an LED display with lights corresponding to each button was adopted. The lights were labelled with the corresponding anatomical location ( Figure 5 ). The overall sensing system consisted of four sensors with their indicators, custom software with a graphical user interface and a data logger, and a computer that provides power and integrates the components of the system.
| Dual surgical positions
Shoulder arthroscopic surgery can be performed in either the beach chair (semi-sitting) or lateral decubitus (laying on the side) positions.
The support base of the simulator was designed such that it allows the user to switch between these positions by manipulating two lever-lock hinges (095KF3030F08, Fath, Germany). These hinges are 
| Waterproof joint
In order to create a waterproof seal around the joint between the arm and the torso, a silicone sock was made for the scapula. First the scapula was covered with a thick cloth and cast in plaster. The fabric was then removed and silicone was poured into the space between the mould and the scapula ( Figure 6 (a) and (b)). A connective skin section was attached to the silicone sock and was reinforced with a 3D-printed ABS plastic part to provide structure ( Figure 6 (c)).
The arm was then attached to the simulator, with the capsule, muscles and Velcro on the skin holding the two pieces together. To produce a watertight seal, a zip-tie was pulled around the two layers of Velcro-attached skin, tightening them around the plastic support.
This process is shown in Figure 6 (d). To minimize leakage through the portals, a silicon seal was created ( Figure 7 ).
| EXPERIMENTAL EVALUATION
The study was comprised of three arthroscopic tasks. Tasks 1 and 2 were probing tasks; Task 
| Study design
The study collected time, force, and position data while subjects completed simple arthroscopy tasks. The performance of novice subjects was compared before and after practice, and also compared with that of expert surgeons. Three tasks were selected based on a review of the literature and after consultation with an expert arthroscopist: Task 1, which involved intra-articular probing; Task 2, which involved sub-acromial probing; and Task 3, which involved intra-articular grasping. For reasons outlined in the Discussion section, all three tasks were performed in a dry simulator and in the beach chair position ( Figure 8 ).
An arthroscopy probe and grasper previously developed at CSTAR were the surgical tools used in the study. 17 Both instruments were sensorized with strain gauges to measure the bending forces acting on the instruments. A sensor for position tracking (Aurora Mini 6-DOF, Northern Digital Inc., Waterloo, ON, Canada) was also affixed to the shaft of each instrument. Position data was collected using an electromagnetic tracking system (Aurora v2, Northern Digital Inc., Waterloo, ON, Canada).
| Subjects
Participation in the study was entirely voluntary, and all candidates who expressed interest in taking part were included. Subjects were recruited from diverse academic backgrounds with varying prior exposure to surgery. They were divided into two groups: novices and experts. The novice group included subjects with no medical background, medical students with no surgical training, and junior orthopaedic residents and non-orthopaedic surgeons without scoping experience. The expert group consisted of fellowship-trained orthopaedic surgeons who have a clinical practice focused on arthroscopy.
| Experimental procedure
Novice subjects were provided with a handout containing basic information on the shoulder anatomy, the surgical instruments, and a brief description of the tasks. Expert subjects were shown the informational handout so that they could provide feedback at the end of their testing session. All subjects were permitted to review the handout at their leisure.
Before each task, subjects were shown a series of videos of an expert arthroscopist completing the task: a video of the surgeon using the simulator, taken from an external viewpoint, was followed by an endoscopic view of the surgeon's instruments completing the task.
The video was shown once, without rewind or fast-forwarding. The video demonstrated the tasks and use of the instruments, but did not provide any specific tips on completing the tasks.
Before beginning Task 1, all subjects including experts were given up to five min to familiarize themselves with the arthroscope, tools and simulator. Subjects were then asked to complete a 'pre-test' which comprised the three tasks. They were then given the opportunity to The expert group was not given any practice time and they did not do the post-test.
At the end of their trial, the expert subjects were given a questionnaire to gather their impressions of the simulator.
| Performance metrics
Instrument position, force, and time data were collected for each subject. Position and force data were post-processed using MATLAB (MathWorks, Natick, MA, USA). Total task time was calculated from the start of Tasks 1 and 2 to the moment the second switch was successfully pushed. For the grasping task, the total time was calculated FIGURE 7 Seal around portal FIGURE 8 Simulator setup for study FIGURE 6 Creating the silicone sock and skin. 
| EXPERIMENTAL RESULTS
A total of 23 subjects (17 novices and 6 experts) were recruited to participate in the study. Two novice subjects failed to complete the pre-test for Task 1 (intra-articular probing), and three novice subjects failed to complete the pre-test for Task 2 (subacromial probing). The subjects who failed to complete the tasks cited muscle fatigue and frustration as reasons for quitting. All subjects completed the pre-test for Task 3 (intra-articular grasping). After practicing on the simulator, all subjects were able to complete the three tasks during the post-test.
Subjects who failed to complete the pre-test for Tasks 1 and 2 were removed completely from the analysis of those tasks.
The results show that the expert group completed the tasks more quickly than the novices, and that the novices completed the tasks more quickly after practice with the simulator, as presented in Table 1 . The difference in task time between the novice pre-test and expert was found to be statistically significant for all three tasks while the difference in task time between novice pre-and post-test was significant for Task 1 only.
Instrument position data was collected from the probe in Tasks 1 and 2, and from the grasper tool in Task 3. The path length (P) metric was computed as follows:
As expected, the path length results followed a decreasing trend (Table 2) . For all three tasks, the experts' path length was shorter compared with the novices. The novices also showed a reducing trend in path length from the pre-test to the post-test. The difference in path length between the novice pre-test and expert was found to be statistically significant for Tasks 1 and 2. The number of novice subjects was reduced by one to a total of thirteen for Task 1 due to a data collection error.
Force data was collected from the force/torque sensor that was embedded in the simulator. The anticipated trend was a decrease in applied force corresponding to greater surgical skill.
An analysis of average F/T sensor force, presented in Table 3 , did not demonstrate a strong or consistent trend between the applied force and level of experience. The maximum or peak forces were also examined but no prominent trend was shown ( Table 4 ). The force results from the sensorized instruments also did not show a strong or consistent trend.
Face validity was tested using a 5-point Likert scale, where 5 = strongly agree, 3 = neutral, and 1 = strongly disagree. The average scores of the questionnaire results are presented in Table 5 . The expert surgeon who consulted on the project was not asked to participate in the questionnaire due to a conflict of interest.
The study put the simulator through many hours of use by untrained novice subjects. The physical simulator held up well to the heavy usage with only a few indications of damage. Two of the microswitches had to be replaced during the course of the study as the plastic coating was damaged due to rigorous probing. Also, the two portals allowing access to the joint capsule were reinforced with stitches to prevent tearing after it became apparent that rigorous use could rip the thin silicone, despite the nylon reinforcement. These repairs were inexpensive and simple to make.
| DISCUSSION
The purpose of this study was to assess the effectiveness of the shoulder simulator as a learning tool with objective performance measures and to determine if it improved the performance of novice trainees in basic arthroscopy tasks. Practice on the simulator should familiarize trainees with the shoulder anatomy, the use of the tools and the handeye coordination required in arthroscopy.
Task completion time has been previously shown in the literature to decrease with experience. 5, [18] [19] [20] [21] An analysis of the task completion time shows that experts completed the tasks more quickly than novices, and that, as expected, novices reduced their task time after practice. Task 1 (intra-articular probing) showed the most significant could be due to the Task 1 pre-test being the subjects' first exposure to manipulating tools in the arthroscopic environment. The experience gained in the Task 1 pre-test may have improved the performance of the Task 2 pre-test, which was also a probing task.
Task time should not be the only indicator of improved performance as it lacks information regarding the quality of the completed task. Instrument path length was also analyzed. The literature has previously shown that the path length, also called distance travelled, decreases with experience. 19, 22 For the path length metric, experts completed the tasks using a shorter path, as expected, for all tasks.
Novices decreased the path length from the pre-test to the post-test.
The results from the task completion time and path length support construct validity for the simulator in terms of distinguishing between novices and experts and achieving the goal of helping novices improve through relevant practice.
Force-based metrics for arthroscopy and laparoscopy have been used before for surgical skills assessment, 22, 23 suggesting that experienced surgeons use less force than novices. The results for average and maximum forces did not show differences between novice and expert groups. While time and path length are measures of efficiency, and show a decreasing trend with experience, the trend for force is less intuitive. A surgeon may want to avoid excessive force application to tissues that are easily damaged, while other tasks may require a firmer touch. However, for the probing and grasping tasks, which mostly consist of navigating the anatomy and precise movements, a lower force was anticipated from the expert surgeons. This trend was not observed in the current study, which could be due to the small expert sample size. In the future, a more thorough analysis of force-based metrics and larger sample sizes will be considered.
The expert-level surgeons who participated in the study all rated the simulator highly in terms of realism, supporting the face validity of the simulator. The simulator was also rated highly as being beneficial for the introduction of basic skills, and it was agreed that they would use the simulator for training. These results support the construct validity of the simulator. In addition, the study tested the simulator with twenty subjects performing three tasks, which put the simulator through many hours of use. The construction of the simulator held up well throughout these tests.
It should be noted that the simulated shoulder was a left shoulder, which required holding the instrument being manipulated in the left hand. With the majority of the population being right-handed, this potentially increased the task difficulty, especially among novice trainees. More experienced surgeons have better ambidextrous performance 24 and this may have been a factor in elucidating differences between novices and experts.
The study had several limitations. First, it explored only three basic tasks and the results are limited to these three tasks. Additional training tasks must be studied before concluding that practice with the simulator improves performance. The small number of expert surgeons meant that the study lacked sufficient power to distinguish between novice and expert groups for all of the data analyzed. It was challenging to recruit expert arthroscopy surgeons with the limited pool locally available.
The novice subjects who participated in the study came from diverse educational backgrounds ranging from undergraduate and graduate students in engineering and kinesiology, to undergraduate medical students. While the novice subjects had different backgrounds, they were all equivalently inexperienced in arthroscopy. It was observed that some novice subjects were more motivated than others to complete the tasks and to practice in between tests. Thus, while a medical background may not have initially differentiated medical students from the other novice subjects, they may have been more inclined to engage with learning surgical procedures. Perhaps limiting recruitment to students who are interested in medicine and surgery would improve novice engagement in future studies.
While the simulator is capable of both wet and dry operation, there were several reasons that the simulator was only used in the dry modality. The pump available at the time of testing did not have a sufficient flow rate to properly circulate fluid through the joint, leading to issues with visibility. In addition, using the simulator wet required that all testing be completed in a wet room with a floor drain that was not always available. The study also had a time constraint of one to two hours per subject. This only allowed time for testing one simulator configuration. For these reasons, the simulator was tested only in dry operation. In the future, both the wet and dry modalities will be tested.
Furthermore, due to time constraints, the simulator was tested in the beach chair position only since the lateral decubitus position is used less commonly. In the future, the simulator will be tested in both positions.
As with any simulator intended for the development of surgical skills, it can only be of benefit to trainees if it is available to them through formal training curricula or informal opportunities for practice.
A physical simulator that offers realistic haptic perception and objective performance feedback in an affordable package is a viable alternative to VR simulators and may facilitate adoption by smaller training programs.
| CONCLUSIONS
A shoulder simulator has been designed to facilitate wet or dry practice, and to be oriented in either the beach chair or the lateral decubitus positions. Microswitches embedded in the simulator objectively capture the exact time when a probing task is completed. An embedded force/torque sensor captures force data and presents the opportunity to explore more complex force-based metrics in the future.
The study showed that the simulator allowed performance to be assessed using objective measures and helped novices to improve their arthroscopic skills on probing and grasping tasks. Improvements indicating superior psychomotor skills were observed in task completion time and path length after novices used the simulator to practice under dry conditions. By using the physical shoulder simulator to practice, residents can improve their basic arthroscopic skills prior to entering the OR, resulting in improved patient safety and saving valuable OR time.
Finally, experienced surgeons who used the simulator rated it highly in terms of realism, and indicated that they would use it as a training tool if it were available.
